Recently, ultra-low eld MRI (ULF-MRI) has attracted attention as a medical imaging technique. In ULF-MRI, because nuclear magnetization is very weak, hyperpolarized nuclear magnetization is expected to increase the intensity of MR signals. The use of hyperpolarized xenon gas, which has substantially larger polarization ratio than protons, has been proposed. However, MR signals decay rapidly when a large gradient eld is used in MR signal detection. Meanwhile, the sweep imaging with Fourier transformation (SWIFT) approach, which utilizes an adiabatic radio frequency pulse with amplitude and frequency modulations and small gradient eld, has been proposed. In this study, we evaluated the in uence of the parameters used in the SWIFT approach on hyperpolarized xenon imaging in ULF-MRI. To simulate signal reconstruction of hyperpolarized xenon with the SWIFT approach, we calculated motions of magnetization according to the Bloch equation using a fourth-order Runge-Kutta method. Two pyramidal pro les with widths of 25 and 75 mm were simulated as nuclear magnetization density proles. The motions of magnetization and the acquired MR signals caused by magnetization were subsequently computed using various parameters comprising sampling points, bandwidth, and duration of excitation. The signals were nally reconstructed using a cross-correlation method. The results indicated that reconstructed signals could be calculated from the MR signals acquired by the SWIFT approach at a bandwidth of 1, 10 or 100 kHz and a matrix size of 100, 200 or 400. However, signals reconstructed using a bandwidth of 1 kHz or a matrix size of 100 were distorted near the position where the signal changed. These results suggest that a wide bandwidth (≥10 kHz) and a large matrix size (≥200) should be used for better signal reconstruction from the MR signals acquired by the SWIFT approach, and that the Larmor frequency of ULF-MRI should be greater than 10 kHz to achieve wide bandwidth. In addition, DC component distortions in the reconstructed signals increased when distribution of nuclear magnetization density in the eld-of-view (FOV) was large. Therefore, a wide FOV should be selected to reduce DC component distortions.
Introduction
Magnetic resonance imaging (MRI) is one of the most important medical imaging techniques. MRI using hyperpolarized nuclear magnetization has attracted attention as a method to intensify MR signals. Hyperpolarized xenon gas is an example of hyperpolarized nuclear magnetization agents, and its polarization ratio is substantially greater than that of proton [1] . Moreover, in hyperpolarized xenon imaging, magnetization signal does not depend on the static magnetic eld strength [2] . Therefore, hyperpolarized xenon has been used in lung function diagnosis and brain blood ow measurement [3, 4] .
Recently, ultra-low eld MRI (ULF-MRI) with static magnetic eld strength less than 10 mT, has attracted attention because of the advantages including low operating costs and low susceptibility to artifacts compared to conventional high eld MRI [5, 6] .
However, because hyperpolarized xenon gas has large diffusion coef cient, MR signals decay rapidly when a large gradient eld is used in MR signal detection [7] . Meanwhile, the sweep imaging with Fourier transformation (SWIFT) approach, which utilizes an adiabatic radio frequency pulse with amplitude and frequency modulations and a small gradient eld, has been proposed by Idiyatullin et al. [8] .
In the SWIFT approach, time-shared excitations of nuclear magnetization are included, and MR signals with position information are acquired. The MR signal decay caused by diffusion is suppressed by the small gradient eld. In the case of using SWIFT in ULF-MRI, because the Larmor frequency in ULF-MRI is less than 100 kHz, the maximum excitation bandwidth (equal to the bandwidth of the MR signals in the SWIFT approach) is limited by the Larmor frequency and by the bandwidth of the detectors. In this study, we evaluated the in uence of the SWIFT pulse sequence parameters on hyperpolarized xenon imaging in ULF-MRI.
Theory

MR signal and Bloch equation
MRI generates a medical image by adding location information to the MR signal caused by nuclear magnetic resonance (NMR). When a static magnetic eld (z-axis) is applied, nuclear spins precess with Larmor angular frequency ω 0 = γB 0 , around the z-axis, where γ and B 0 are the gyromagnetic ratio and static eld strength, respectively. In the static magnetic eld, spins are in thermal equilibrium between an α-and β-spin states, in which the spins are aligned in the same and opposite directions, respectively, with respect to the applied eld. In addition, when an alternating eld that is perpendicular to the static eld (x-axis) is applied to spins, their thermal equilibrium is disrupted. After the alternating eld is removed, the spins gradually return to an equilibrium state.
To analyze the motion of the magnetization vector − M, which represents integrated spins in a certain volume, a differential equation known as the Bloch equation is utilized [9] . The Bloch equation is presented as follows:
where − B , T 1 , and T 2 are the applied eld (= (B 1 cosω RF t, B 1 sinω RF t, B 0 )), the longitudinal relaxation time, and the transverse relaxation time, respectively.
To allow better understanding of the motion of the magnetization vector, the Bloch equation is represented in the rotating frame around the z-axis at the rotation angular frequency ω 0 . Consequently, the Bloch equation is converted as follows:
where − M and − B are the magnetization vector and the applied eld [= (B 1 cos(ω RF − ω 0 )t, B 1 sin(ω RF − ω 0 )t, B 0 − ω 0 /γ)], respectively in the rotating frame (x y z frame).
Ultra-low eld MRI and hyperpolarization
In conventional MRI as a medical device, a high static eld greater than 1 T is applied by a superconducting magnet [10] . In higheld MRI, although the operating costs are high, reconstructed images with high SNR can be acquired. In contrast, ULF-MRI is less expensive and generates fewer artifacts compared to conventional high-eld MRI. However, ULF-MRI requires a sensor with high sensitivity in the low-frequency region [11] .
Polarization rate is a parameter used to evaluate the magnitude of MR signals. The polarization rate is given by:
where N α and N β are the atomic numbers of nuclei with α-spin and β-spin, respectively, and k B is the Boltzmann coef cient. The MR signal becomes intense with increase in polarization rate. To improve the SNR, hyperpolarized nuclei, in which the difference in polarization between nuclei with α-and β-spins is extremely large, are utilized in MR measurements.
Sweep imaging with Fourier transformation
The SWIFT method utilizes an adiabatic RF pulse with amplitude and frequency modulations [8] . Time-shared excitations of nuclear magnetization are included, and MR signals with position information are acquired. In this method, MR signals are acquired during the gaps between swept excitation pulses. Therefore, MR signal detection with a higher SNR is achieved for nuclei with short T 2 , and the in uence of the diffusion of gas is reduced. An eighth-order hyperbolic secant function is used for the adiabatic excitation pulse in the SWIFT approach [12] . The pulse amplitude B 1 (t) and pulse frequency ω RF (t) are expressed using bandwidth B w (= A/π), Larmor frequency ω 0 , pulse duration T p , and ip angle θ as follows:
where β is the truncation factor (∼5.3) and d c is the duty ratio. The pulse sequence (pulse amplitude and frequency) and detailed representation of the pulse amplitude (the rst 2 ms) used in the SWIFT approach are shown in Figs. 1a and b.
To remove the in uence of the excitation and that of the signal acquired during the SWIFT sequence, a cross-correlation method is used to recover phase information. In the time-domain, the response of RF pulse r(t) is the convolution process given by:
where h(t) is the free induction decay (FID) signal, and x(t) is the excitation pulse. FID in frequency domain H(ω) is reconstructed by the following cross-correlation:
where X(ω) and R(ω) are the swept excitation pulse, and the acquired MR signal in the frequency domain, respectively. Because X(ω) and R(ω) are obtained by Fourier transformation, H(ω) is calculated from the MR signals acquired by the SWIFT approach.
In the case of SWIFT in ULF-MRI, because the Larmor frequency is less than 100 kHz, the maximum excitation bandwidth, which is equal to the bandwidth of the acquired MR signals, is limited by the Larmor frequency and by the bandwidth of the detectors. 
Methods
In this study, the motion of magnetization in a SWIFT pulse sequence was simulated to assess the in uence of the SWIFT parameters on the reconstructed projection image as a correlated absorption spectrum H(ω). We conducted the simulations by solving the Bloch equation numerically using a fourth-order Runge-Kutta method, as implemented in MATLAB R2013b (The MathWorks, Inc., Natick, MA). The step size used in the calculations was 1 μs. In this simulation, static, gradient, and transmission elds were applied to magnetization according to a SWIFT pulse sequence in ULF-MRI, and the MR signals were acquired by resampling the motions of magnetization during each acquisition time.
In all of the simulations, the gyromagnetic ratio of xenon, ip angle, duty cycle, T 1 relaxation time, and T 2 relaxation time were set at γ = −73.977 × 10 6 rad/sT, θ = π/180 rad, d c = 0.5, T 1 = 20 s, and T 2 = 30 ms, respectively. As nuclear magnetization density pro les, two pyramidal pro les with width of 25 mm and 75 mm were simulated, as shown in Figs. 2a and b . In this study, one-dimensional pro les were evaluated to clarify the in uence of only the SWIFT pulse sequence parameters on reconstructed signals. The MR signals were subsequently measured by the SWIFT pulse sequence using a eld-of-view (FOV) of 100 mm and various bandwidths (Bw), RF pulse durations (Tp), and matrix sizes (M). The parameter sets of MR signals measured by the SWIFT pulse sequence are shown in Table 1 . Fig. 2a and b , respectively, which were measured using parameter sets 1, 2, and 3 in Table 1 . The reconstructed signals were normalized to a maximum magnitude of 1. The reconstructed signals measured using an excitation signal with 1-kHz bandwidth were more distorted than those measured using bandwidths of 10 and 100 kHz. Figure 4a and b present the reconstructed signals with proles shown in Fig. 2a and b , respectively, measured using parameter sets 2, 4, and 6. The reconstructed signals measured using a matrix size of 100 were more distorted than those measured using (44) matrix sizes of 200 and 400. Figure 5 shows the reconstructed signals with the pro le shown in Fig. 2a , measured using parameter sets 2, 5, and 7 in Table 1 . The reduction in matrix size resulted in distortions at the edges of the reconstructed signals. Figure 3a and b indicate that the reconstructed signals were distorted when a narrow bandwidth was used. In particular, the distortions became large around the point at which the magnetization density changed. In these simulations, because the matrix size was xed, the bandwidth per pixel became narrower as the bandwidth of excitation was reduced. These results suggest that image reconstruction is in uenced by aliasing for a narrow bandwidth per pixel.
Results
Figure 3a and b present the reconstructed signals with pro les shown in
Discussion
In ULF-MRI, although the bandwidth of excitation is limited by the ux density of the static eld and/or the bandwidth of the detector for MR signal measurements, a wide bandwidth should be selected to reduce distortion of the reconstructed signals. In addition, a wide bandwidth results in a short RF duration and thus a short scan time. Because the magnetization of hyperpolarized xenon decays during T 1 relaxation, a short scan time is expected to result in a high SNR. Figure 4a and b indicate that the Gibbs ringing artifact increased by decreasing matrix size. In these simulations, because the bandwidth of the excitation signal was xed, the pixel size became narrower and the spatial resolution improved when matrix size was large. These results suggest that since distortion in the reconstructed signals increases when a small matrix size is used, large matrix size (≥200) should be used to reconstruct MR signals. Figure 5 indicates that the reduction in matrix size resulted in increased Gibbs ringing artifact. This phenomenon is caused by a reduction in the number of harmonics. Therefore, in cases where high-spatial frequency components are involved, a large matrix size should be selected to reduce Gibbs ringing artifact. However, as evident in Fig. 5 , the reconstructed signals measured with a narrow-bandwidth RF pulse also exhibited large distortions.
On the basis of these simulations, we con rm that, when a SWIFT pulse sequence is utilized in ULF-MRI, a wide bandwidth (≥10 kHz) and a large matrix size effectively reduce distortion and noise in the reconstructed signals. However, the fact that the Larmor frequency and the bandwidth of the detectors limit the bandwidth of excitation must also be considered.
We con rmed that some DC component distortions were superimposed on all reconstructed signals. Comparison of Fig. 3a and b shows that DC component distortions of the reconstructed signals increased for wide distribution of nuclear magnetization density in the FOV. In addition, Figs. 3b and 5 indicate that DC component distortions increased with decrease in bandwidth of excitation. Furthermore, Fig. 4b indicates that they also increased with decrease in matrix size.
In these simulations, the reconstructed signal at each position was found to broaden in frequency domain depending on both the bandwidth of excitation and the matrix size. The reconstructed signals at the position of 0 mm in Fig. 2a , which were measured using parameter sets 1, 2, and 6 in Table 1 , are shown in Fig. 6 . The reconstructed signals are normalized by the maximum magnitude of 1. The spread of frequency becomes larger when the bandwidth of excitation and the matrix size decrease. In addition, although the reconstructed signals in pulse and small matrix size. These results suggest that the FOV should be expanded and a wide bandwidth and large matrix size should be selected to reduce DC component distortions.
Conclusion
In this study, we evaluated the in uence of the SWIFT parameters on hyperpolarized xenon imaging in ULF-MRI. The results indicate that a narrower bandwidth in uences the distortion of reconstructed signals as a result of aliasing and phase gaps. In addition, a wide bandwidth (≥10 kHz) yields better image reconstruction from the MR signals.
The spatial resolution is reduced, and the distortion of the reconstructed signals increase when the matrix size is small. Therefore, a large matrix size (≥200) should be used to better reconstruct MR signals.
In addition, when hyperpolarized xenon gas occupies the most part of the FOV, such as the case of Fig. 3b , DC component distortion increases in the reconstructed signals because of the spread of the reconstructed signals to the whole FOV. Therefore, a relatively wide FOV relative to the xenon gas should be selected to reduce the DC component distortions. 
